Saccharomyces cerevisiae mutants lacking both isoforms of the main plasma membrane potassium transporter display impaired potassium transport and defective growth at limiting concentrations of the cation. Moreover, they are hyperpolarized and have a lower intracellular pH than wild-type. In order to unravel global physiological processes altered in trk1,2 mutants, we have established conditions at which both wild-type and mutants can grow at different rates. Using a combination of physiological, biochemical and proteomic approaches, we show that during growth at suboptimal potassium concentrations, double trk1,2 mutants accumulate less potassium and reach lower yields. In contrast, the mutants maintain increased viability in the stationary phase and retain more potassium. Moreover, the mutants show increased expression of stress-related proteins such as catalase T, thioredoxin peroxidase or hexokinase 2, suggesting that they are better adapted to the additional stress factors associated with entry into stationary growth phase.
INTRODUCTION
All living cells accumulate potassium to fulfil multiple basic functions, such as regulation of intracellular pH, cell volume, plasma membrane potential or different enzymic activities. Two specific potassium transporters, Trk1 and Trk2, are present in the plasma membrane of the model yeast Saccharomyces cerevisiae. These transporters drive the cation inside the cells very efficiently, and allow wildtype S. cerevisiae to grow at a wide range of external potassium concentrations ranging from low micromolar to molar (Ramos et al., 1985; Gaber et al., 1988; Ko et al., 1990; Ariño et al., 2010) . Moreover, wild-type cells are able to efficiently distribute the cation at the subcellular level under different external conditions (Herrera et al., 2013) . Mutants lacking the Trk proteins are viable and still show a residual potassium transport that is much less efficient than the one mediated by the Trk1,2 system. As a consequence, these mutants have much higher potassium requirements than the wild-type (Madrid et al., 1998; Bihler et al., 2002; Stefan et al., 2013) .
In the context of systems biology, mathematical modelling predicting the complexity of ion regulation allowed the proposal of mechanisms of cation homeostasis (Kahm et al., 2012; Ke et al., 2013) . Detailed comparisons between wild-type and trk1,2 double mutant strains showed that, in addition to the lack of high affinity K + -transport: (i) the mutants grown under non-limiting potassium were hyperpolarized and had a lower intracellular pH than the wildtype (Navarrete et al., 2010) ; (ii) regulation of the Trk1,2 system is important but not sufficient to achieve homeostasis, and adaptation to low potassium requires modulation of proton fluxes, production of bicarbonate and activation of the H + -ATPase (Kahm et al., 2012) ; and (iii) Trk1 is not essential for adaptation to external potassium changes since trk1,2 mutants are still able to adjust intracellular cation content in response to rapid changes in external potassium, although the dynamics of potassium exchange in the mutant are very different from the wild-type (Herrera et al., 2014) .
A proteomic analysis aimed at identifying cellular processes affected by loss of the Trk1,2 system and conducted in cells grown at non-limiting K + concentrations detected almost no differences between wild-type and trk1,2 mutant cells. Changes in the 2D electrophoresis (2DE) pattern were mostly due to the growth phase, independently of the strains (Curto et al., 2010) . Since important differences in K + transport capacity between wild-type and trk1,2 mutants are observed when the cells are K + -starved for several hours, a second proteomic study was performed under those conditions (Gelis et al., 2012) . Cells failed to grow in the absence of potassium, and a large decrease in the protein content of both the wild-type and the trk1,2 mutants was observed. This decrease was especially pronounced in the mutant strain. However, proteins related to stress response and alternative energetic metabolism remained present. The main conclusions of this study were that: (i) complete potassium starvation represents a stressful process for yeast cells, and particularly for potassium transport mutants; and (ii) this condition is not adequate to analyse the physiological consequences of the loss of TRK genes.
Here, we have undertaken a thorough analysis of growing cells to unravel the global physiological changes caused by the lack of the main potassium transporters. To this aim, we established conditions at which both the wildtype and the mutants can grow, albeit at different rates. Using a combination of physiological, biochemical and proteomic approaches we found double trk1,2 mutants accumulated less potassium and reach lower yields when grown at suboptimal potassium concentrations. In contrast, the mutants showed increased viability in stationary phase, retained more potassium, and appeared to be more adapted than the wild-type to respond to additional stress factors associated with entry into stationary phase. This idea is further supported by the accumulation of proteins involved in general stress response, and of hexokinase 2, which has been associated with antiapoptotic processes (Amigoni et al., 2013) , in stationary cells of the double trk1,2 mutant.
METHODS
Yeast strains and growth conditions. Two S. cerevisiae yeast strains have been used in this work, the reference strain BY4741 (MATa his3D1 leu2D met15D ura3D; EUROSCARF, Germany) and its derivative BYT12 (trk1D : : loxP trk2D : : loxP) (Petrezselyova et al., 2010) . Yeast was routinely grown in aerobic batch culture at 28 uC with continuous agitation (200 r.p.m.) in synthetic K + -free medium (YNB-F) (YNB without amino acids, ammonium sulphate and potassium; ForMedium), pH 5.8, with the appropriate auxotrophic supplements (Brent supplement mix-Austrian modification; ForMedium) and the indicated amount of potassium.
Growth in liquid media was determined by measuring OD 600 at the indicated times. To estimate cell survival during growth at low potassium levels (5 mM KCl), samples of 1 ml culture, withdrawn at the indicated times (10-64 h), were appropriately diluted and plated onto standard YPD. The number of colonies formed (c.f.u.) was counted after growth at 28 uC for 2 days.
Biochemical assays. Glucose concentrations in the medium were determined enzymatically using a commercial D-glucose/D-fructose kit (Boehringer Mannheim/R-Biopharm). Acidification of the medium was measured directly using a pH meter. Ethanol production was determined by analysing ethanol in the medium using a commercial ethanol kit (Boehringer Mannheim/R-Biopharm).
Determination of K 1 content. To estimate internal potassium content, cells were collected at different growth phases on Millipore filters, which were quickly washed with 20 mM MgCl 2 . The cells were extracted with acid, and the material released was analysed by atomic absorption spectrophotometry (Ramos et al., 1990) .
Isolation of the main organelles from yeast and determination of potassium content. All centrifugations were carried out at 4 uC in plastic tubes, and all buffers were kept on ice. Protocols used only K + -free buffers.
Isolation of vacuoles, nuclei and cytoplasmic fractions. Vacuoles and nuclei were isolated as described previously by Herrera et al. (2013) . The cytoplasmic fraction was estimated by subtracting the potassium values of the vacuolar and nuclear fractions from the total intracellular content.
Protein extraction for 2DE. Two-hundred and fifty millilitres of YNB-F supplemented by 5 mM KCl was inoculated at OD 600 0.05 and cells were grown at 28 uC for 10, 32 or 64 h. Cells were recovered by cold centrifugation at 3500 g for 10 min and the cell pellet was resuspended in 600 ml homogenization buffer [50 mM Tris pH 7.6, 1 mM PMSF, 1 mM EDTA, 2 mM DTT and a tablet of protease inhibitor cocktail (Roche) per 50 ml of homogenization buffer] and broken by vortexing (15 to 20 times, 30 s) on ice, in the presence of glass beads (Sigma) (a volume equivalent to that of the cell pellet). Glass beads and insoluble material were eliminated by centrifugation (10 000 g, 5 min). Proteins were precipitated from the supernatant by adding cold methanol, chloroform and water (4 : 1 : 3, by vol.) and mixed well. The mix was then centrifuged at 12 000 g for 5 min at 4 uC and the upper phase was recovered. Three volumes of cold methanol were added, mixed and then centrifuged at 12000 g for 5 min at 4 uC. The final pellet was air dried and solubilized in 250 ml of 8 M urea, 2 % (w/v) CHAPS, 20 mM DTT, 0.5 % (v/v) Bio-Lytes pH range 3-10 (Bio-Rad) and 0.0001 % (w/v) bromophenol blue. Insoluble material was removed by centrifugation. The protein concentration was determined according to the method of Bradford (1976) , with ovalbumin as a standard.
2DE. Immobilized pH gradient strips (17 cm, 5-8 pH linear gradient; Bio-Rad) were passively rehydrated for 2 h with 500 mg of protein in 300 ml of IEF solubilization buffer (7 M urea, 2 M thiourea, 4 %, w/v, CHAPS, 0.5 %, v/v, Bio-Lytes pH range 3-10, 20 mM DTT and 0.01 %, w/v, bromophenol blue). The strips were loaded onto a Protean IEF Cell system (Bio-Rad) and proteins were electrofocused at 20 uC with a first step of a gradual increase in the voltage (50-8000 V) and then continuing until a total voltage-time of 50 000 V h. Strips were immediately equilibrated according to the method of Görg et al. (1988) . Second-dimension SDS-PAGE was performed on 12 % polyacrylamide gels using a Protean Dodeca Cell system (Bio-Rad). Gels were run firstly at 30 mA per gel for 15 min and secondly at 50 mA per gel until the dye front reached the bottom of the gel. Staining and image analysis. Gels were stained twice with CBB G-250 (Bio-Rad) for 20 h following the method described by Mathesius et al. (2001) . Images were acquired with a GS-800 calibrated densitometer (Bio-Rad) and analysed with PDQuest v8.0.1 software (Bio-Rad) using 10-fold over background as a minimum criterion for presence/absence for the guided protein spot detection method. A spot-by-spot visual validation of automated analysis was done thereafter to increase the reliability of the matching, focusing on those spots that were present in all three biological replicates. Finally, a master gel (virtual gel) was automatically built by the software summarizing all these spots.
Prior to statistical and phylogenetic analyses, the number of pixels for each spot was normalized according to the total volume of valid spots in each gel, and then they were log-transformed. The web-based software NIA array analysis tool (Sharov et al., 2005 ) (available at http://lgsun.grc.nia.nih.gov/ANOVA) was utilized for statistical analysis, whereas treatment and cluster analysis of protein abundance values were carried out using the recommendations described by Valledor & Jorrín (2011) . Data were statistically analysed using the parameters defined by Brumbarova et al. (2008) . This software tool selects statistically valid protein spots based on ANOVA. Our data were statistically analysed using the following settings: error model 'max (average, actual)', 0.01 proportions of highest variance values to be removed before variance averaging, 10 degrees of freedom for the Bayesian error model, 0.05 FDR (false discovery rate) thresholds and zero permutations. The dataset consisting of relative abundance values of spots was analysed individually for each strain by principal component analysis (PCA) using the following settings: covariance matrix type, five principal components (PCs), twofold change threshold and 0.7 correlation threshold for clusters. A multivariate analysis was carried out by a hierarchical clustering to check the entire dataset.
Experimental pI was determined using a 5-8 linear scale over the total length of the immobilized pH gradient strip. Molecular mass values were calculated by mobility comparisons with protein standard markers (SDS molecular mass standards, Broad range; Bio-Rad) run in a separate lane in the gel.
MS analysis and protein identification. Spots were manually excised and transferred to 96-well plates. Spots were digested with bovine trypsin (sequencing grade; Roche Molecular Biochemicals) using an Ettan digester station (GE Healthcare Life Sciences). The digestion protocol used was that of Shevchenko et al. (2007) , with minor variations (Curto et al., 2010) . After digestion, the supernatant was collected and 1 ml was spotted onto a MALDI target plate using the dry droplet method and 0.4 ml of a 3 mg a-cyano-4-hydroxy-transcinnamic acid matrix ml 21 in 50 % acetonitrile and 0.1 % trifluoroacetic acid. Samples were analysed in a 4800 Proteomics Analyser MALDI-TOF/TOF mass spectrometer (Applied Biosystems), in the m/z range 850-4000, with an accelerating voltage of 20 kV, in reflectron mode and with a delayed extraction set to 120 ns. All MS spectra were internally calibrated with peptides from trypsin autolysis. The MS analysis by MALDI-TOF/TOF MS produces peptide mass fingerprints and the peptides observed with a signal to noise ratio greater than 20 can be collated and represented as a list of monoisotopic molecular masses. Proteins ambiguously identified by peptide mass fingerprints were subjected to MS-MS sequencing analysis. So, from the MS spectra, suitable precursors were selected for MS-MS analysis with collision-induced dissociation on (atmospheric gas was used) 1 kV ion reflector mode and precursor mass windows+5 Da. The plate model and default calibration were optimized for the MS-MS spectra processing. For protein identification, the UniProtKB release 14.6 was searched using the MASCOT search engine v.2.1 (Matrix Science; http://www.matrixscience.com) through the Global Protein Server Explorer software v3.6 from Applied Biosystems.
The following parameters were allowed: taxonomy restrictions to S. cerevisiae (version 2013_11, 132 851 sequences), one missed cleavage, 50 80-100 and 50 80-100 p.p.m. mass tolerance for peptide mass fingerprinting and MS-MS searches, respectively, 0.3 Da for MS-MS fragments tolerance, carbamidomethylation cysteine as a fixed modification and methionine oxidation as a variable modification. The parameters for the combined search (peptide mass fingerprint plus MS-MS spectra) were the same as those described above. In all proteins identified, the probability scores were greater than the score fixed by MASCOT as significant with a P value less than 0.05.
RESULTS
To identify physiological processes affected by the loss of the main potassium transporters, we followed a multidisciplinary approach to compare wild-type and trk1,2 mutants during growth at limiting potassium concentrations. As expected (Navarrete et al., 2010) , in the presence of high amounts of KCl, both wild-type and double mutant strains showed similar growth characteristics. However, at 5 mM KCl the mutant grew at lower rates and showed a much lower maximal yield. In addition, the wild-type reached the early stationary phase after 20 h, whereas the mutant needed additional time to reach this stage (w26 h) (Fig. 1) .
Cell growth, potassium content and distribution
When cells of wild-type and mutant strains were grown under non-limiting KCl, they contained comparable amounts of potassium during exponential growth [10 h incubation, around 540 and 500 nmol potassium (mg cells)
21
, respectively]. During early stationary phase (32 h), both strains lost substantial amounts of potassium but, interestingly, the mutant cells retained higher amounts of the cation (Fig. 2) . When cells were grown at 5 mM KCl, Next, vacuolar and nuclear fractions were isolated, and potassium content was measured. Cytoplasmic potassium values were calculated by subtracting the potassium values of vacuolar and nuclear fractions from the total intracellular content (Fig. 3) . In the case of exponential phase cells grown at 50 mM KCl, we observed minor but consistent differences in the distribution pattern between the two strains, with less potassium in the vacuolar and nuclear fractions of the double mutant strain and higher values in the cytoplasmic fraction ( Fig. 3a ; see Discussion below). As mentioned before, the double mutant retained more potassium than the wild-type during early stationary phase, and this was especially clear in vacuolar and cytoplasmic fractions (Fig. 3b) . Exponential phase cells of the wild-type grown at 5 mM potassium showed no differences from those 50 mM K + grown cells (Fig. 3c) . The double mutant showed a similar localization pattern, but the amount of potassium measured in each fraction was strongly decreased, in agreement with the total content shown in Fig. 2 . Similar to the results obtained at 50 mM KCl, a decrease in the cation content of the different wild-type and mutant fractions was observed in stationary phase cells at 5 mM KCl, although this trend was more evident in the wild-type. Thus, while the cytoplasmic fraction of the wild-type strain retained only around 14 nmol potassium (mg cells)
, the same fraction of the trk1,2 mutant contained around 70 nmol (mg cells)
, which may explain the higher viability of the mutant under these conditions (Fig. 3d) . Interestingly, potassium content in the vacuole remained higher in the mutant, suggesting that this strain retained sufficient amounts of potassium in the cytoplasmic fraction.
Metabolic parameters
In order to test the metabolic activity of both strains during growth at 5 mM KCl, several parameters were monitored, including glucose in the media, acidification, ethanol production and viability of the cells (Table 1 ). In principle, consumption of glucose can be used as a marker for active metabolism specific to the exponential phase. In the parental strain, which shows higher growth rates, a good correlation was obtained between the phases of the growth curve and glucose consumption. No glucose remained in the medium after 24 h, and the cells entered stationary phase. However, we observed a strong delay in the use of total glucose in the double mutant strain. At 32 h of culture, coinciding with the apparent stationary phase in the growth curve, more than 25 % of the initial amount of glucose was still present in the medium, suggesting that entry of the mutant into stationary phase was not exclusively due to glucose starvation. Acidification of the media did not differ significantly between strains, but a delay in ethanol production was observed in the double mutant. Interestingly, the trk1,2 mutant presented a higher viability than the parental strain in stationary phase. No decrease in viability of the mutant cells was detected throughout the entire experiment. This indicates that the mutant remained metabolically more active during the stationary phase than the wild-type strain.
2D protein profiles
Intracellular protein samples of wild-type and mutant cells growing at 5 mM KCl were collected after 10 h (exponential growth phase), or 32 h (wild-type) or 64 h (trk1,2) incubation (stationary phase). Proteins were extracted using TCA/acetone precipitation according to the method of Gelis et al. (2012) and analysed by 2DE and Coomassie staining of the gels. A total of 178-250 consistent spots (present in the three replicates) were resolved in the 5-8 pH and 10-90 kDa molecular mass ranges for each sample (Fig. 4) (Table 2 ). After 2D gel image analysis, quantitative and qualitative differences in spot intensity were observed between wild-type and mutant strains and between the different time points (Table S1 , available in the online Supplementary Material). A total of 66 and 29 spots were unique in the wild-type and the mutant strains, respectively (Fig. 5) . Out of 66 protein spots unique to the wild-type strain, 28 were unique to the exponential phase and another 28 unique to the stationary phase (Fig. 5) . With respect to the double mutant strain, five protein spots were unique to the exponential phase and 16 unique to the stationary phase (Fig. 5) . In total, 95 protein spots were found to be differential between the strains, while 16 protein spots were only differential between the sampling times, reflecting common responses to the treatment in wild-type and the mutant (Fig. 5) . A total of 53 spots presented significant differences between strains and time, showing that the experimental environment affects both wild-type and mutant strains, but in a different way. We used NIA array analysis tools for statistical analyses (ANOVA, hierarchical clustering and PCA). A total of 232 consistent spots were analysed by ANOVA. The hierarchical clustering analysis showed one cluster that clearly separated the two sampling times of the mutant strain from the wild-type (not shown). To obtain further information, a data reduction to the whole dataset by means of PCA was applied. The first three PCs accounted for 99.998 % of the biological variability. The use of these components in a 2D representation (plotting PC1 and PC2) mainly allowed the effective separation of samples based on the strain and the time (Fig. 6 ). The PC1 (41.3 %) split the strains, whereas PC2 (37.4 %) clearly separated the times. Correlations between PCs and the variable spots are indicated in Table S2 . Out of 30 spots showing a high correlation (above 0.9 with PC), 17 were identified after MS analysis (Table S2) . 
MS analysis and protein identification
A total of 163 qualitative and two significant quantitative differences were found among the strains and the time after statistical analysis (FDR j0.05) (Table S1 ), of which 80 protein spots were identified corresponding to 66 different gene products (Table S3 ). All the MALDI-TOF/TOF identifications were performed using the UniprotKB database by MASCOT search engine. Resulting proteins were classified in functional categories, presented in Fig. S1 . Complementary information about the identified peptide sequences is available in Table S4 .
Among the proteins identified, we found proteins involved in the glycolytic pathway (nine proteins), ergosterol biosynthesis (four proteins), ethanol fermentation (four proteins), pentose phosphate pathway (two proteins), stress response (eight proteins), amino acid metabolism (nine proteins), protein biosynthesis and fate (six proteins), transcription process (six proteins), nucleic acid metabolism (four proteins), signalling (two proteins) or other functions (eight proteins) (Fig. S1 ). We did not find a clear general tendency in the protein abundance. The different pathways related to energy production were not differentially altered at low K + concentrations in the two yeast strains, except an ATP synthase subunit b (spot SSP 1402) that was more abundant in the mutant, tending to increase with time. The levels of the four glycolysis protein species have different tendencies: four GADPH (spots SSP 4213, 6301, 5207 and 7312) tended to decrease with respect to time, and the other two (spots SSP 6329 and 7207) were only detected in the wild-type; the F1,6Bpa (spots SSP 4319, 1320, 4324 and 5328) were more abundant only in the wild-type during stationary phase; in general, Eno tended to appear or increase with respect to time, except Eno1 (spot SSP 6516) and Eno2 (spots SSP 4321 and 7422) that were detected only in the wild-type strain during stationary phase; finally, Hxk2 (spot SSP 2525) was detected only in the double mutant during stationary phase. With regards to the proteins of the pentose phosphate pathway, transaldolase (spot SSP 5327) and the glucose-6-phosphate 1-dehydrogenase (spot SSP 5524) were only detected in the wild-type strain during the stationary phase and in the mutant in exponential phase, respectively. The aldose reductase involved in the methylglyoxal pathway was detected in wild-type cells only in the stationary phase, but in the mutant it was present in both growth phases (spots SSP 7320 and SSP 7322).
It is worth mentioning that some proteins important in signalling or stress responses were only detected in the trk1,2 mutant (Table 3 ). The cases of hexokinase 2 (SSP 6516) involved in glycolysis, and catalase T (SSP 5612) and thioredoxin peroxidase (SSP 1020 and 1022) involved in oxidative stress responses, which increased in the stationary phase (Table 3) , will be specifically discussed below.
DISCUSSION
Loss of Trk1,2, the main S. cerevisiae plasma membrane potassium transport system, causes impaired potassium transport capacity and, as a consequence, defective growth at low external potassium concentrations. We have previously reported that, when grown under non-limiting potassium, wild-type and trk1,2 strains show a very similar 2DE protein profile. Moreover, we also showed that complete potassium starvation leads to a strong decrease in protein content, and therefore this condition is not adequate to analyse the consequences of the absence of Trk (Ariño et al., 2014) . Here, we performed a detailed study in cells grown at 5 mM KCl, a condition that allows suboptimal growth of the mutant and did not affect growth rate or maximum yield in the wild-type strain. This condition allowed us to uncover physiological effects caused by the lack of the major potassium transporter in growing cells.
When grown at 50 mM KCl, cells of the wild-type and mutant contained similar amounts of potassium, but subcellular location analysis showed differences between strains, with lower amounts of the cation in vacuolar and nuclear fractions of the mutant and higher amounts in trk1,2 mutants are better adapted to stress conditionstrk1,2 mutants are better adapted to stress conditions the cytoplasmic fraction. The importance of these differences remains to be elucidated. In this respect, it is important to mention that a possible sensor and signalling function of the Trk system has been previously investigated (Kahm et al., 2012; Herrera et al., 2014) . By using yeasts lacking the Trk1,2 system or expressing different versions of the mutated main plasma membrane potassium transporter (Trk1), our group has shown that Trk1 is not essential for adaptation to potassium changes, but the dynamics of potassium loss are very different in the wildtype and in the trk1,2 mutant or in yeasts expressing Trk1 versions with highly impaired transport characteristics. As a consequence, it was proposed that although very relevant for internal K + adjustment, Trk1 may not have additional specific sensor/signalling functions. Now, once again, we cannot rule out that the differences found Fig. 4 . Representative 2D gel corresponding to extracts from wild-type cells after 10 h incubation (exponential growth phase) (a), and a master gel with variable spots (b). Molecular mass (M) and pI were calculated using standard molecular mass markers and PD-Quest software. in subcellular potassium location may be due to the lack of Trk proteins and to their possible regulatory functions.
A low content of intracellular K + in trk1,2 cells grown at low K + has been reported elsewhere (Lauff & SantaMaría, 2010) . This is most probably a consequence of the defective potassium transport capacity of the mutants (Bertl et al., 2003; Navarrete et al., 2010) . Here, we confirmed that in mutant cells growing at 5 mM KCl the intracellular potassium content is around 50 % when compared to the wild-type, and at the same time we observed a strong delay in the use of total glucose in the case of the double mutant, since at 32 h of culture (apparent stationary phase on the growth curve) more than 25 % of the initial amount of glucose was still present in the medium. This indicated that this strain did not reach stationary phase exclusively because of the lack of glucose, and points to the combined effects of low potassium and glucose in the medium.
The repression of respiration in the presence of glucose ascertained in many Saccharomyces yeasts is known as the Crabtree effect. As a consequence, a decrease in biomass yield and an increase in ethanol production are observed. Our results in Fig. 1 and Table 1 show that in the trk1,2 strain growing at 5 mM KCl, the low yield, the low glucose consumption and the low ethanol production are associated. It is plausible to think that under this condition, while the wild-type would mainly ferment, the mutant would mostly respire, indicating that in the mutant the lack of potassium would reverse the Crabtree effect. Although we have reported a connection between potassium and sugar metabolism (Ramos et al., 1992) , this specific effect linking lack of potassium and respiration in the presence of glucose has not been previously reported and deserves additional studies.
Subcellular location of potassium in 5 mM KCl exponential phase cells of the mutant reflected a decrease in all fractions studied although the cytoplasmic fraction was less affected, which is in agreement with the idea of a tight regulation of the potassium content in that fraction in order to keep it as constant as possible (Herrera et al., 2013) . Interestingly, the higher viability of mutant cells during stationary phase may be related to their higher capacity to retain potassium. Another important factor affecting yeast growth is pH. As mentioned above, our results show that the double trk1,2 mutant stopped growing before using up all glucose and, at the same time, extracellular pH quickly dropped. Since it is known that cells deleted for both TRK1 and TRK2 are hypersensitive to low pH (Ko & Gaber 1991) , we can conclude that the decrease in extracellular pH could be another factor related to the growth arrest of the mutant strain. In addition, it is tempting to suggest that the differences between wild-type and mutant strains concerning cell viability and total content and intracellular distribution of potassium could be dependent on the hyperpolarization of the plasma membrane, the lower intracellular pH and the decrease in the capacity to extrude protons reported for the mutant when grown under nonlimiting potassium (Navarrete et al., 2010) . We did not measure these three parameters under our conditions, but a more negative membrane potential should have a direct impact on the potassium accumulation and retention. As a consequence, mutant cells could better keep intracellular pH and cell viability. In summary, a drop in extracellular pH would decrease/stop growth in the mutant and together with membrane potential would prevent excessive potassium loss and intracellular pH decrease.
As a general comment, it looks like biosynthetic pathways remain active during stationary phase in the trk1,2 mutant (amino acid biosynthesis, nucleic acid biosynthesis, . Associations between experimental samples and protein spots generated by PCA from protein 2DE data of the four samples analysed: wild-type after 10 (by10) and 32 h (by32), and double mutant after 10 (trk10) and 64 h (trk64). A short distance between strains in the component space is indicative of similarity in their expression profiles.
transcription), and glycolytic enzymes are more abundant during stationary phase in both strains but, in general, less profuse in the mutant. However, proteins related to stress are more abundant in the mutant strain, which is especially significant during the stationary phase.
Some proteins involved in stress responses were detected in both strains at the entry into the stationary phase. This was the case, for example, for Sod1, a superoxide dismutase that plays a role in oxygen radical detoxification. In fact, sod1 mutants exhibit several defects such as sensitivity to oxidative stress or rapid death in stationary phase. However, it is important to note there were some cases of proteins that were specifically detected in the double mutant. Catalase T and thioredoxin peroxidase, two proteins protecting against oxidative stress (Herrero et al., 2008) , were detected only in the mutant. However, catalase T, which is encoded by CTT1, was found only when double trk mutants entered stationary phase. Catalase T is a cytosolic protein that has a role in defence from oxidative damage and its expression is induced also under various stresses, such as carbon starvation and oxidative, osmotic or freeze-thaw stress. However, thioredoxin peroxidase (Tsa1) was found only in the trk1,2 mutant, being more abundant in stationary phase. The protein acts as both ribosome-associated and free cytoplasmic antioxidant, and seems to play a more complex function than Ctt1 since it self-associates to form a high-molecular mass chaperone complex under oxidative stress. Thioredoxin peroxidase is required for telomere length maintenance, and tsa1 mutants show sensitivity to oxidative stress and to other severe stresses such as UV or heat.
Hexokinase 2 is a bi-functional enzyme being both the main glucose phosphorylating enzyme in the cytoplasm and a regulator of gene transcription of several Mig1-regulated genes in the nucleus. Recent evidence allowed the proposal of a new role for hexokinase 2 as an anti- A, protein that appears in the stationary phase; D, protein that disappears in the stationary phase; q, protein that increases in the stationary phase; Q, protein that decreases in the stationary phase. *Numbers correspond to the master gel (Fig. 4) . DFunctionally related proteins. dSwiss-Prot and Saccharomyces Genome Database (SGD) accession numbers and common name. §Protein spot behaviour in the mutant strains trk1,2 with respect to the stationary phase (t564 h). ||PCA data.
apoptotic factor in S. cerevisiae (Amigoni et al., 2013) . In that paper, it has been shown that, in hxk2D cells, addition of acetic acid increased cell death compared with the wild-type strain with the typical markers of apoptosis. It is, therefore, conceivable that the main conclusion of that report, 'lack of HXK2 triggers apoptosis in yeast', could be related to our findings of high levels of Hxk2 in stationary trk1,2 mutant cells and that they kept a much higher viability than wild-type cells.
In conclusion, we have shown in this work that, in a medium with low potassium, mutants in the main plasma membrane potassium transporter (i) grow at lower rates and reach lower densities, (ii) contain less potassium and (iii) maintain increased viability in the stationary phase than the corresponding wild-type. Altogether, our biochemical and 2DE analyses suggested that trk1,2 mutants are somehow ready to respond to stress situations and have triggered coordinated responses to cope with these conditions.
